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FOREWORD 

This document presents the results of work performed by Lockheed's 

Huntsville Research & Engineering Center while under contract to the P ro -  

pulsion & Vehicle Engineering Laboratory of NASA-Mar shall Space Flight 

Center. This task was conducted as partial fulfillment of Contract NAS8- 

21 347, "Study of Thermal Conductivity Requirements ." Technical Monitors 

of the contract were M r .  John Austin and Mr .  E .  Haschal Hyde of the P ro -  

pulsion & Vehicle Engineering Laboratory, Marshall Space Flight Center. 

The interim report for llStudy of Thermal Conductivity Requirements" 

consists of two volumes: 

Vol .  I: 

Vol. 11: 

High Performance Insulation Thermal Conductivity 
T est  Program 

Multiple Docking Adapter (MDA) Thermal Model 

ii 
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SUMMARY 

A cylindrical calorimeter was developed to measure temperature - 
dependent thermal conductivity for high performance insulation over a mean 

insulation temperature range from cryogenic temperatures to the upper tem- 

perature limit of the insulation. 

of approximately one milliwatt to  one watt p e r  square foot of heated a rea  and 

with a pressure  range of 

costs a r e  approximately $400 per  insulation specimen and the testing cost i s  

approximately $200 per  data point. 

rately with a small  temperature drop through the insulation (as  small  a s  10°F) 

is  due to  its design. The apparatus is  a glass fiber cylindrical tube, 3 inches 

in diamter, 1/16-in. thick, 3 feet long, and i s  wound a t  the center with a main 

tes t  heater which i s  surrounded by four guard heaters. The specimen insula- 

tion i s  circumferentially wrapped about the cylinder. End caps of the insula- 

tion a r e  joined to  the cylindrically wrapped insulation with a diagonal-joint 

fit. 
heaters inside and by a heated or cooled environmental shroud outside. 

eliminating insulation edges with the end caps and by the electronic automation 

of the four guard heaters (which maintain a longitudinal temperature gradient 

to  <O.O5OF/feet), - a thermal system results which closely approximates an 

infinite cylinder. The insulation backside pressure  i s  recorded for each 

specimen with an ion gage installed in the calorimeter tube. 

The device operates with a heat flux range 

t o r r  to one atmosphere. Specimen preparation 

, The ability of the device to  operate accu- 

The temperature differential is maintained ac ross  the insulation by the 

By 

The new device was used to test  the thermal conductivity of five high 
0 0 performance insulation materials over a temperature range of -100 

and a pressure range of 8 x 10 

we re: 

to 200 F 
- 6  t o r r  to one atmosphere. Samples tested 

Specimen 1 - Unperforated double-aluminized Mylar (1/4-mil) 
and 0.028-inch red polyurethane foam 

iii 
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Specimen 2 - Perforated double-aluminized Mylar (1/4-mil) and 
0.028-inch red polyurethane foam 

Specimen 3 - Embossed aluminized Mylar (1/4-mil) 

Specimen 4 - Embossed aluminized Mylar (1/4-mil) and Dimplar 

Specimen 5 - Embossed aluminized Mylar (1/4-mil) and nylon net. 

The test  results indicated a strong temperature and pressure depen- 

dence for  the thermal conductivity of all five of the insulation materials. 

Probable e r r o r s  were calculated for each data point and were included in  

the tables and curves for  each specimen. 

Gap testing was performed by cutting a circumferential sl i t  a t  the center 

of the specimen of unperf orated double- aluminized Mylar and red polyurethane 

foam. Room temperature tests were conducted with gap widths of 0, 1/20 and 

1/10 inches, respectively. Also, a test  was made with the l/l0-inch gap filled 

with red polyurethane foam. For  a one-inch thick specimenof double-aluminized 

Mylar and red polyurethane foam, a 1/20-inch gap had an effective thermal 

conductivity of 6 . 8 2 ~ 1 0 ~ ~  Btu/hr-ft- F while that for a l/l0-inch gap was 

5.57 x The 

effective thermal conductivity for a l/l0-inch foam-filled gap was 2 . 9 6 ~  
Btu/hr-ft- F.  

curves.  

0 

A butt-joint test  revealed a zero leak through the joint. 

0 The data obtained were used to prepare engineering design 

Penetration tests were conducted on the Lockheed/Huntsville penetration 

test apparatus which is composed of a stainless steel  penetration tube soldered 

to the center of a thick copper plate. 

of joining the high performance insulation on the plate (which represents a tank 

wall) to that on the penetration tube. 

butt joint; (2 )  diagonal joint; and (3) buffer joint. 

of unperforated double-aluminized Mylar and red polyurethane foam was used 

for the tests.  

The tests were  made to compare methods 

The three methods considered were: (1) 

A one-inch thick specimen 

The plate was a t  liquid nitrogen temperature and the f ree  end of 

iv 
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the penetration a t  room temperature.  

joint was conducted. 

between theory and test data. 

allowed minimum heat leakage to the plate through the penetration was the 

butt joint, (0.725 Btu/hr) followed by the diagonal joint (1.1 Btu/hr) and the 

buffer joint (1.45 Btu/hr). 

A thermal analysis of the diagonal 

Good comparison (10.4% difference) was obtained 

The tests revealed that the design which 

Thermal conductivity data f rom six investigators for the double- 

aluminized Mylar and red polyurethane foam were studied, compared and 

presented in  the form of comparative curves and tables. 

vealed that the assumption, definitions and test conditions used should be 

examined carefully when evaluating or  comparing data between various 

investigators. 

surface conditions, backside pressure  and boundary temperatures. When 

these factors were taken into account the data for the s ix  investigators 

showed reasonably good comparison. 

The study r e -  

Of particular importance were such i tems as layer density, 

Also, various high performance insulation materials were compared 

on the basis of density-thermal conductivity versus mechanical load. When 

compared in this manner, the double-aluminized Mylar and nylon net had the 

lowest pk value a s  well as the lowest k value in  the 2 x  10 

pression range for the temperatures considered. When compared on the 

basis of optimum layer  density, the double-aluminized Mylar and Tissueglas 

combination was rated as the most efficient with the nylon net rating fourth. 

Because some fixed compressive load is generally associated with a given 

insulation application concept, comparison on the basis of a common com- 

pressive load is considered a necessary method of rating insulations. 

-2  to  1 psi  com- 

V 
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Section 1 

INTRODUCTION 

The need for extremely high performance insulation (-1) has accelerated 

the development of insulation composites that are capable of operating in the 

thermal conductivity range of to Btu/hr-ft- R. With the availability 

of such efficient insulation and with the constant development of new and im- 
proved composites, the problems associated with insulating missile systems 

and components efficiently would seem to be solved; however, problems re- 

main that cannot be solved simply by developing insulations that have even 

lower thermal conductivity values. 

applying the insulation and predicting the performance of the applied insulation. 

0 

Significant problems which remain a r e  

The thermal  conductivity of evacuated multilayer insulation materials 

has in the past  been obtained by using a flat-plate or  guarded-tank type of 

calorimeter. 

posing large temperature differentials across  the insulation specimen. 

a result of these tes t s ,  an effective thermal conductivity for the boundary 

temperatures used is obtained. 

When one of these devices is used, material  is tested by im- 

As 

A new testing technique has been developed which permits accurate 

temperature dependent thermal conductivity measurement due to the small  

temperature differential required across  the specimen. This new technique 

employs a glass fiber tube wound with a main test heater and two guard 

heaters on each side of the main test section. 

virtually eliminates longitudinal temperature gradients and permits  data 

t o  be obtained with a driving temperature potential of only a few degrees 

( 21O0F). The basic test apparatus was discussed previously in Ref. 1; 

however, at the time of that writing, the device was operated manually. 

Since then, the operation of the apparatus has been completely automated. 

As,  a result, personnel attendance time has been reduced from 24 hours pe r  

The use of guard heaters  
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day to 3-5 hours per day. 

in greater accuracy in the data generated. 

Furthermore,  automating the system has resulted 

The apparatus a l so  has application to  the study of insulation gaps and 

joints. These gaps, which occur where panels of insulation a r e  joined, can 

result in heat leakage which is a significant par t  of the total. 

studies conducted on the apparatus a r e  discussed in Task 11. 

The joint 

Heat leakage through penetrations was a l so  considered to be of signifi- 

cance because of the magnitude of heat that can be attributed to  it. 

conducted on the Lockheed/Huntsville penetration apparatus a r e  discussed 

in Task 111, 

Tests 

The presentation of information obtained during this study is as follows: 

Section 2 - Thermal Conductivity Testing (Task I) 

Section 3 - Insulation Joint Testing (Task 11) 

Section 4 - Insulation Penetration Effects (Task 111) 

Section 5 - High Performance Insulation Data Comparison (Task IV) 

Each section of this report presents all the information pertinent to  that 

particular subject including results, excepting references, tables and figures, 

which a r e  found on pages 36  through 87. 

2 
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Section 2 

TASK I: THERMAL CONDUCTIVITY TESTING 

2.1 CALORIMETER DESIGN AND OPERATION 

The Lockheed/Huntsville cylindrical calorimeter was developed in 1967 

under Contract NAS8- 2 11 34 for  the purpose of obtaining thermal conductivity 

of highly anisotropic materials. Considerations that led to the specific 

design chosen for the apparatus a r e  discussed in detail in Section 3 of Ref. 1, 

which is the final report  for that contract. 

accuracy and ease of specimen preparation. 

major improvements were made on the apparatus and i ts  associated equip- 

ment. 

and ease of specimen preparation, the major value of the improvements were 

in  the a rea  of reducing the cost per  data point. Testing that once required 

24 hours a day of personnel attendance now requires only 3 to 5 hours pe r  

day. Included in this section of the report a r e  a description of the calorimeter 

design and operation, the environmental control apparatus, the specimen prep- 

aration procedure, the tes t  procedure, the theoretical procedure and the test  

results. 

Pr imary  considerations were 

During the present contract, 

Although these improvements do contribute to the system's accuracy 

A photograph of the basic calorimeter is shown in Fig. 1 and a schematic 
drawing in Fig. 2. 

diameter, 38-in. long silicone glass fiber tube, wound continuously and covered 
completely by five heaters which consist of 6-mil copper magnet wire. 

primary o r  tes t  heater,  1 foot in length, is located at the geometric center of 

the tube. On either side of the tes t  heater is a 1-ft "longitudinal" heater, and 
beyond each of these there is a 1-in. end heater. 

a purpose similar to the guard heaters used on flat plate calorimeters.) Four 

fine differential thermocouples (3-mil copper and constantan) connect each 

adjacent pair  of the five thermocouple junction points (Fig.  2 and a r e  used t o  

monitor the temperature difference between these junction PO 

The calorimeter consists of a 1/16-in. thick, 3-in. outside 

The 

(These heater systems serve 

ts. i 
3 
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The entire calorimeter is wrapped with a specimen of the insulation to 

be tested. The longitudinal portion of the calorimeter is wrapped circum- 

ferentially, and the ends a r e  covered with end discs of insulation. 

shows the diagonal joint at which the circumferential panels meet the end 

caps of insulation. The instrumentation wires exit the insulation at these 

diagonal joints. 

shroud to  control the outside of the insulation at a uniform, desired tempera-  

ture,  and the combined system is then placed in a vacuum chamber. The in- 

side of the insulation is maintained at a slightly higher temperature than the 

outside by supplying power to the five internal heaters.  

drop from inside t o  outside is measured by a differential thermocouple. 

known power, temperature drop, insulation thickness and area  enable ther  - 
mal conductivity of the insulation to be determined. 

Figure 3 

The insulated calorimeter is placed in an  environmental 

The temperature 

The 

An ion pressure  transducer gage was installed inside the calorimeter 

at one end to  measure the gas pressure  inside the calorimeter during testing. 

This i s  a meaningful measurement due to  the outgassing of some of the insu- 

lation materials tested. Occasionally, the internal pressure  was two orders  

of magnitude higher than the pressure  on the outside of the insulation. 

An electronic automation system was the major new feature added to  

the system. 

a s  well a s  the environmental control apparatus which is discussed in the 
next section. The longitudinal heaters  and end heaters a r e  controlled by 

using the emf outputs f rom the four differential thermocouples discussed 

previously as input to  four high-gain (10 ) amplifiers which directly drive 

the four heaters. 

longitudinal temperature. It i s  important to note that the longitudinal heaters  

and the end heaters serve distinctly different functions, a s  is discussed in the 

following para  graphs. 

The five calorimeter heaters  a r e  now controlled automatically 

6 

Fine amplifier adjustments a s su re  precise  control of the 

After several  months of operating the system, the following operational 

concept has evolved. 

temperature difference between the center of the tes t  heater and the centers 

of the longitudinal heaters. 

The longitudinal heaters a r e  used to a s su re  a zero 

The end heaters a r e  not used a s  might be expected 

4 
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to  maintain a zero-temperature difference between the centers of the longi- 

tudinal heaters and the centers of the end heaters. 

to maintain a power distribution in the longitudinal heaters which is approxi- 

mately the same as that in the test  heater. 

temperature o r  power discontinuity between the tes t  heater and the longitudinal 

heaters since the overall objective is to  attain an infinite cylinder effect near  

the test  section. 

t o  have a significant temperature discontinuity between the longitudinal heaters 

and the end heaters.  

possible the end heater temperature adjustments necessary to attain power 

density similarity. 

density and temperature in a longitudinal heater is equal t o  that in the test  

heater, no net heat flows longitudinally between the two. 

power density always exists in the end heaters than is  present in the test  or  

longitudinal heaters. 

eters. 

and by using the fine instrumentation wires discussed previously. 

Instead, they a r e  used 

That is, the goal is to avoid a 

To attain the power balance, it is necessary occasionally 

Fine adjustments of the amplifier offset res is tors  make 

Conservation of energy implies that whenever the power 

A substantially higher 

This is due to  the heat loss f rom the ends of the calorim- 

The end heat loss is kept to a minimum by the end caps of insulation 

Even though the total system is automated, the test  heater itself can be 

operated automatically or  manually. In the automatic mode, the tes t  heater 

temperature is held constant, while under the manual mode, the tes t  heater 

power is held constant. The fixed temperature under the automatic mode is 

attained by having a variable reference voltage in ser ies  with a thermocouple 

a s  input to  a high-gain amplifier. 

test  heater. 

nitrogen reference bath and the tes t  heater. 

is  set to match the thermocouple emf which would correspond to  the tempera- 

ture  desired. 

prescribed. 

The output f rom the amplifier drives the 

The thermocouple measures the temperature between a liquid 

The variable reference voltage 

This will maintain the temperature of the heater at the value 

The fixed -power capability i s  desirable because under the extremely 

high-gain conditions of the amplifier, instability causes power fluctuations 

5 
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which make accurate measurement of the output test  power difficult. 

fore,  after equilibrium is reached, the output voltage is monitored on a 

Sanborn recorder,  and the average value is estimated and dialed in under 

the fixed voltage (or power) mode. 

before near steady state is attained. 

calorimeter provides for rapid convergence. 

i s  that used for determining thermal conductivity. 

There- 

Minor adjustments may be required 

The known thermal capacity of the 

The final steady state power 

2.2 ENVIRONMENTAL CONTROL APPARATUS 

Jn preparation for this contract, Lockheed/Huntsville constructed a 

vacuum chamber for conducting thermal conductivity tes ts  on HPI systems. 

The chamber was designed specifically to  meet the requirements of the 

thermal tes ts  with the two primary criteria:  (1 )  precise thermal control 

and (2) speed of operation. This chamber, shown in Fig. 4, is a major im- 

provement over the larger  and less ideally designed vacuum chamber that was 

used fo r  testing under the previous contract. 

17.5 in. inside diameter and 52 in. long. 

The nominal dimensions a r e  

The chamber was constructed by 

butting a stainless steel, right circular cylinder chamber 23 in. long, against 

a glass bell jar chamber 30 in. long (including access  within the chamber). 

An aluminum shroud 14 in. inside diameter and approximately 47 in. long is 

used to  provide a controllable thermal environment for the tes t  specimen. 

A copper coil encloses the aluminum shroud, and the fluid is circulated through 

the coil for thermal control of the shroud. 

in an HPI blanket to  minimize heat leakage between the shroud and the chamber. 

The shroud and coil a r e  enclosed 

The shroud can be either heated by hot water o r  cooled by liquid nitro- 

Heated water is supplied to  the shroud coil by a closed fluid loop con- gen. 

taining a liquid pump and heater. 

cient to maintain the shroud at the desired temperature. 

located in the fluid loop is used as input t o  a temperature controller which 

controls a relay. 

required. 

The heater power is set at a value suffi- 
A thermocouple 

The relay activates o r  deactivates the heater power a s  

This system maintains the shroud a t  almost constant temperature 

6 
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For the cooling mode, LN2 is supplied by a 25-gal dewar situated near 

the vacuum chamber. 

age i s  used a s  input t o  an amplifier which controls a relay, which in turn actuates 

a valve in the LNZ supply line. The thermocouple measures the temperature dif- 

ference between an LNz bath and the environmental shroud. The reference volt- 

age is set to  match the emf that the thermocouple would produce when the shroud 

is at the temperature desired. 

passes through the shroud coil. 

dewar and the shroud, the temperature variations of the shroud during opera- 

tion a r e  held t o  a minimum (< - 8 O F ) .  The HPI blanket around the shroud mini- 
mizes the number of LN2 flow cycles. 

However, the oscillations in the shroud temperature a r e  impressed on the out- 

side of the specimen insulation requiring that the average AT across  the insula- 

tion be used in calculating a data point. The AT, therefore, must be much 

greater than the temperature variation of the shroud. 

is sufficient. 

A thermocouple in ser ies  with a variable reference volt- 

The LN2 is vented to  the atmosphere after it 

By having a short  supply line between the 

A typical cycle is two to three hours. 

A AT of 30°F or greater 

2.3 SPECIMEN PREPARATION 

Five HPI materials were tested for their thermal conductivity as a 

function 

1.” 

2. 

3. 

4. 

5. 

of temperature. They were: 

Unperforated double-aluminized Mylar (1/4-mil) and 0.028 -in. 
red polyurethane foam 

Perforated double-aluminized Mylar (1/4-mil) and 0.028-in. 
red polyurethane foam 

Embossed singly aluminized Mylar (1/4-mil) 

Alternate layers of 1/4-mil embossed singly aluminized Mylar 
and Dimplar 

Alternate layers  of 1/4-mil embossed singly aluminized 
Mylar and nylon net. 

Basically, two methods were used in preparing these specimens. The 

first method, used on the first two specimens, was to  apply alternate single 
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layers  of Mylar  and foam until the desired thickness was achieved. 

joint with no bonding was used on the foam while an overlap joint secured 

with Mylar tape was used on the Mylar  layers .  

simultaneously with the side layers .  

insulation continuously on the tube until the desired thickness was attained, 

after which all the end caps were applied as a group. 

cap was secured to the outermost side layer with M y l a r  tape. 

A butt 

The end caps were applied 

The second method was to wrap  the 

The outermost end 

On all five specimens the layers were joined diagonally at the ends 

of the calorimeter (Fig.  3 ) .  This eliminated any thermal shorting between 

layers.  The calorimeter and insulation, weighing approximately 2 lb, were 

supported in the vacuum chamber by a thin nylon cord connected to each end 

of the glass fiber tube and passed through the insulation at the 45-deg joint 

to a support rod above the specimen, Heat loss was, therefore, limited to 

that passing through the instrumentation wires and the nylon cords. 

able end power compensated for this heat loss ,  

Adjust- 

The thermocouples used on this equipment a r e  listed in Table 1. The 

four differential thermocouples discussed in Section 2.1 a r e  those used to  
control the temperatures of the longitudinal and end heaters. 

absolute thermocouples a r e  used to measure the temperature of the tes t  

heater. 
a s  input t o  the automation control system on the tes t  heater. The other two 

thermocouples listed in the table a r e  used t o  measure the temperature dif- 

ference between the inside and the outside of the insulation. 

dant a s  a r e  the two above to  protect against failure. 
tions on the outside of the insulation specimen which a r e  not shown on Fig. 2. 

Two of the 

(They a r e  referenced to an LN2 bath.) One of these is a l so  used 

They a r e  redun- 

Each i s  referenced to  junc- 

After the calorimeter i s  wrapped with the specimen insulation in one 

of the ways described above, and the outside thermocouple is attached to  

the insulation, the entire package is suspended in the chamber by the support 

rod and support brackets. 

testing i s  begun. 

The shroud and chamber a r e  then closed and 
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2.3.1 Unperforated Double-Aluminized Mylar (1/4-mil) and 0.028 In. 
Red Polyurethane Foam 

A specimen of double-aluminized Mylar (1/4-mil Mylar and 600 ang- 

s t roms aluminum on each side) and 0.028 in. polyurethane red foam insulation 

was prepared by Goodyear Aerospace Corporation, Akron, Ohio, according 

to the procedures they commonly use in  applying their insulation. Figure 5 

shows the specimen as it was received f rom Goodyear (except for  the joint 

at the center which is discussed in a la ter  section). 

24 layers of Mylar and 23 layers of foam and has a total thickness of 1 in. 

Each layer of Mylar and foam was cut to size so that the foam forms a butt 

joint and the Mylar overlaps slightly so  that it could be taped with transparent 

Mylar tape. Each successive layer of Mylar and foam was applied completely 

including the and caps before the next layer was started. 

cap was large enough to allow a 3/4-in. overlay on to the side Mylar layer. 

The specimen contained 

Each Mylar end 

Because of the rigidity of the foam and the layer density chosen (24 

layers per in.) ,  no sagging resulted. 

thick. 

specimen. 

The specimen was uniformly 1-in. 

Extreme ca re  was used by Goodyear personnel in preparing the 

2.3.2 Perforated Double-Aluminized Mylar (1/4-in.) and 0.028 In. Red 
Polyurethane Foam 

A perforated specimen of double -aluminized Mylar (1/4-mil Mylar and . 

600 angstroms of aluminum on each side) and 0.028-in. red polyurethane foam 

insulation was prepared by Goodyear Aerospace Corporation to exactly the 

same specifications as was the unperforated specimen described previously. 

The only difference in the two specimens was the perforations in the Mylar. 

The perforations were 0.085 in. in diameter on 3/8 in. centers. 
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2.3.3 Embossed Singly Aluminized Mylar (1/4-mil) 

A continuous sheet of embossed aluminized Mylar was cut long enough 

and wide enough to wrap a calorimeter continuously with 1 in. of insulation 

and a total of 70 layers .  The material  

was so loose at this l aye r  density that it compressed to 1/2 in. at the top 

and sagged to 1-1/2 in. at the bottom. Under this condition no meaningful 

tests could be made; therefore, the same sheet was wrapped again on the 

calorimeter, this time a t  the minimum layer density for which there  would 

be no significant sagging. 
in. thick with 81 layers of insulation. 

layers per  inch. 

(the size of the calorimeter) to  4 in. were used to  insulate the ends of the 

calor imet e r . 

No spacer was used in  this lay-up. 

The result was that the sheet was wrapped to 1/2- 

The resulting layer density was 162 

Discs of the same material  varying in diameter f rom 3 in. 

2.3.4 Embossed Singly Aluminized Mylar (1/4-mil) and Dimplar 

A sheet of Dimplar and a sheet of embossed aluminized Mylar were 

placed together and cut to the size necessary for wrapping a t  22 layers and 

1-in. thick. 

that when these marks were aligned the insulation would be smoothly applied. 

After the insulation was applied, the final diameter measured 5.15 in. 

22 layers, the resulting layer density was 19.15 layers  per  inch. 

of the material were applied a s  discussed in Section 2.2.3. 

Marks were made along the edges at the proper positions so  

At 

End caps 

2.3.5 Embossed Singly Aluminized Mylar (1 -4-mil) and Nylon Net 

A sheet of embossed aluminized Mylar and a sheet of white nylon net 

were placed together and cut to a size that would provide for 70 layers of 

insulation at 1-in. thick. The insulation was not applied to this exact layer 
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density, however. 

which there would be no appreciable sagging. 

men laid up a t  1 -in. thick and 60 layers  pe r  inch. 

the manner described in previous sections. 

specimen. 

Instead, it was applied on the minimum layer density for 

The result was that the speci- 

End caps were applied in 
Figure 6 shows the completed 

2.4 EXPERIMENTAL PROCEDURE 

After a specimen was prepared and the lead wires checked for continuity, 

the entire assembly was suspended f rom a support rod (Fig. 4), and hung inside 

the environmental shroud. 

after the shroud was closed, the protective HPI applied and the bell j a r  set  in 

place. 

environmental control system. 

storage dewar for  use in cooling the environmental control system. 

shows the control panel for the electronic automation system. 

Figures 7 and 8 show views of the vacuum chamber 

To the right side of Fig. 7 is the control panel for the heated water 

To the lower left of Fig. 8 i s  the LN2 portable 

Figure 9 

Table 2 shows the basic tes t  sequence used for testing each specimen. 

After the - l O O ° F  data point was reached, the temperature within the calorim- 

eter could be increased without changing the chamber pressure.  

accomplished by dialing in a large power on the five calorimeter heaters  

until the new temperature was attained. 

to - l O O ° F  at low pressures ,  however, because of the low thermal conductivity 

of the insulation. 

This was 

The calorimeter cannot be cooled 

A typical tes t  procedure i s  a s  follows: 

0 Evacuate the chamber to  approximately 10-3 to r r  Hg. 

e Purge the system with gaseous helium preheated to  250°F fo r  
one hour a t  approximately one atmosphere. 

e Begin chamber evacuation and simultaneously begin establishing 
the required temperature gradient through the insulation. This 
is accomplished with the five heaters  and the environmental 
control system by setting the reference voltages on the tes t  and 
shroud automation systems. 
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0 When the ultimate pressure  (<  8 ~ 1 0 - ~  t o r r )  and the temperature 
profile a r e  attained, record tEe temperature drop through the 
insulation, the longitudinal gradients on the calorimeter and the 
power level of the tes t  and longitudinal heaters. A data point is 
attained when the following conditions a r e  met: 

1. The tes t  power and temperature a r e  near steady for a t  
least  th ree  hours such that dT/d6 C - 0.02"F/hr and 
dP/d6 = 0 

The longitudinal powers a r e  near the same value a s  the 
tes t  heater (within 10%). 

The longitudinal heaters a r e  the same temperature a s  the 
tes t  heater (within 1/2OoF). 

(fixed power mode). 

2. 

3. 

(The latter two conditions can be attained by offset adjustments 
on the four control amplifiers. 
only by waiting for the transients to settle and dialing in the 
cor r e ct fixed volta ge.) 

The first condition is attained 

0 When the data point is complete, read the pressure  inside the 
calorimeter. 

The tes t  current and voltage provide the tes t  power. This along with 

the AT through the insulation and the specimen dimensions provide the in- 

sulation thermal  conductivity. A typical data point requires approximately 

three days of tes t  time. 

2.5 THEORETICAL PROCEDURE AND ERROR ANALYSIS 

The conduction equation used to  calculate the thermal conductivity of 
insulation on the cylindrical calorimeter is 

where 
T. t To 

2 
1 T =  
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The specimen parameters  r r and L a r e  measured before the 
0’ i 

specimen i s  tested, while AT and q are measured a s  described in Section 

2.4 at thermal equilibrium 

P, the power ( V  x I) ,  in the test  section. 

tes t  section in a longitudinal direction, however, o r  if the tes t  section is 
storing o r  releasing heat, then q becomes 

An equilibrium q is obtained simply by knowing 

If heat is flowing into or out of the 

E r r o r s  in ro,  ri, L and AT must be examined as well to  a r r ive  on the 

probable e r r o r  in k(T). 

determine the e r r o r  in k(T). 

obtain the e r r o r  on each data point. 

results. 

inch of insulation thickness i s  - +lo%. 

Appendix A has a complete e r r o r  analysis to 

The results f rom that analysis a r e  used to  

That e r r o r  is presented in the tes t  

t o r r  for one - 5  A typical test  e r r o r  at room temperature and 10 

2.6  TEST RESULTS 

Test results for the thermal cmductivity data a r e  presented in Figs. 

10 through 21 a s  curves of thermal conductivity as a function of temperature 

and pressure.  The data a r e  also presentedin Tables 3 through 7. 

2.6.1 Unperforated Double-Aluminized Mylar and Red Foam 

Table 3 presents in chronological order the data that were obtained 

for the unperforated double -aluminized Mylar and red foam insulation 

specimen. 

data taken at pressures  of 5 .8  x l o m 6  t o r r  Hg and the pressure-dependent 

data taken at room temperature. 

of comparison, the data obtained for the unperforated Goodyear insulation 

tested under contract NAS8-21134. 

was the layer densities. 

Figures 10 and 11 show, respectively, the temperature-dependent 

Also on Fig. 10 is plotted, for the purpose 

The only difference in the two specimens 

The ear l ie r  specimen had a layer density of 21 
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layers  per  inch, while this one had a density of 23  layers per  inch. This 
difference was due to  a slight difference in the foam thicknesses used for 

the two specimens. 

considering the layer density differences. 

correspond to  the probable e r r o r s  listed in the table. 
data taken by Dynatech for a 24-layer-per-inch specimen using 30-mil foam. 

The Dynatech data a lso were taken with small temperature differentials across  

the insulation. Again, the comparison is favorable. The room temperature 

pressure -dependent data a r e  plotted a s  a function of chamber pressure 

because the ion gage installed inside the tubular calorimeter and used to  

record the insulation backside pressure  did not read above the to r r  

p ressure  range. At a l l  but the very low pressure ranges (< - 
however, the backside pressure  was assumed equal to  the chamber pressure.  

It should be noted that the low pressure room temperature point reveals 

two orders  -of -magnitude difference between the chamber and the backside 
pressures .  Table 3 further indicates that for points below room tempera- 

ture,  the difference was more like one order of magnitude. 

above room temperature, the insulation backside pressure  was too high to  

read. 
very low insulation backside pressure considering its temperature. 

reason for  this low pressure  is discussed fully in the following paragraphs. 

The figure shows a favorable comparison, especially 

Er ro r  bands on the figures 

Also on Fig. 10 is 

t o r r ) ,  

For points 

The one point of particular interest is  the 104.5OF point which has  a 
The 

An interesting phenomenon occurred a t  the two high temperature data 

points, 140.2'F and 202.5OF. Long-term outgassing of the insulation 

occurred with an accompanying decrease in thermal conductivity during 

the same period. Figure 12 shows chamber pressure  and thermal con- 

ductivity versus time fo r  the 202.5°F point. 

after five days the specimen was still outgassing and, accordingly, the ther -  

mal conductivity was still decreasing. 

just one day, and a s  a result  the insulation did not have sufficient time to  

outgas. 

nomenon would be present a t  this temperature. 

value of thermal conductivity for this data point a s  shown in Fig. 10. 

Figure 12 indicates that even 

The 140.2OF data point was run for 

At the time it was not expected that this long-term outgassing phe- 

This accounts for the high 

The 
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high chamber pressure  listed in the table for this data point tends to sub- 

stantiate the theory that sufficient outgassing was not allowed. 

After five days of outgassing the specimen at 200°F, additional data 

were run at lower temperatures to determine if the outgassing a t  the 20O0F 
point would affect the thermal conductivity at lower temperatures. 

The effect was found to  be present just as it was for this insulation specimen 

in the previous ser ies  of tests. 

tes ts  in Fig. 10. 

of tes ts  than it does for the current ser ies .  

for the current se r ies  was the 104.5OF point shown in Fig. 10 and Table 3. 

While the thermal conductivity value is not too much lower than for those 

points taken before outgassing, a more  realistic story is told by the insulation 

backside pressure.  

a t  104.5OF than it was for 88.5"F, whereas it would be expected to  be much 

higher had outgassing not occurred. 

insulation outgassing effect which occurs a t  certain temperatures for the 

specimen tested. 

This is shown clearly for both ser ies  of 

The effect seemed more prominent for the previous ser ies  

The only point to tes t  the effect 

The backside pressure  was an order of magnitude lower 

Indeed, there  appears to be a long-term 

One data point was run with a large AT so that results could be com- 

pared with results of thermal conductivity tes t s  performed by other investi- 

gators. 
with data taken by other investigators as detailed in Section 5.2. Absolute 

comparison is not possible, however, because the boundary temperatures 

used, 78OF and -161°F, were not matched by any other experimentalists. 

This point is the last  listed in Table 3. It compares quite favorably 

2.6.2 Perforated Double-Aluminized Mylar and Red Foam 

Table 4 presents in chronological order  the data obtained for the p e r -  

forated double -aluminized Mylar and red foam insulation specimen. 

13 and 14 show, respectively, the temperature-dependent data taken a t  

p ressures  of <8  - x t o r r  Hg and the pressure-dependent data taken 

a t  room temperature. Figure 13 also shows the data for the unperforated 

Figs. 
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specimen for comparison. 

the perforations resulted in an increase in the measured thermal conduc- 

t ivity . 

As expected the radiation heat leakage through 

The e r r o r  bands on Figs .  1 3  and 14 correspond t o  probable e r r o r s  

listed i n  Table 4.  

Goodyear insulation at  200 F. 
of the  unperforated specimen tested previously. The curves show the chamber 

pressure plotted as a function of time. Although the test  conditions may 

have been slightly different fo r  the two, it is evident that perforations do 

permit better outgassing during high temperature baking. 

Figure 15 presents the outgassing of the perforated 
0 Also plotted is the outgassing curve at  200°F 

2.6.3 Embossed Singly Aluminized Mylar 

Table 5 presents in chronological order  the data obtained for the em- 

bossed singly aluminized Mylar specimen. 

tively, the temperature-dependent data taken at pressures  o f 5  8 x 10 

Hg and the pressure-dependent data taken at room temperature. 

Figures 16 and 17 show, respec- 

t o r r  - 6  

The rela- 

tively large probable e r r o r s  a r e  due to having an insulation thickness of 

1/2 in. 

2.6.4 Embossed Singly Aluminized Mylar and Dimplar 

Table 6 presents in chronological order  the data obtained for  the em- 

Figures 18 and 19 show, re-  
-6  

bossed aluminized Mylar/Dimplar specimen. 

spectively, the temperature-dependent data taken at pressures  of 5 8 x 10 

t o r r  Hg and the pressure-dependent data taken at room temperature. 

e r r o r  bands on the figures correspond to probable e r r o r s  listed in Table 6. 
The 

2.6.5 Embossed Singly Aluminized Mylar and Nylon Net 

Table 7 presents in chronological order  the data obtained for  the 1/4- 

mil embossed singly aluminized Mylar and nylon net specimen. Figures 20 
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and 21 show, respectively, the temperature-dependent data taken a t  pres-  

sures  of - < 8 x  to r r  Hg and the pressure-dependent data taken a t  room 

temperature. 

e r r o r s  listed in Table 7. 

The e r r o r  bands on the figures correspond to probable 
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Section 3 

TASK 11: INSULATION JOINT TESTING 

3.1 TEST DESIGN 

A simple yet effective means of isolating the thermal effects of joints 

and gaps in HPI was desired. 

gaps of various widths was needed. A means was devised whereby the 

Lockheed/Huntsville cylindrical calorimeter was used for  this purpose 

without modifications to the calorimeter itself. 

a specimen of 1/4-mil double -aluminized Mylar and red polyurethane foam 

on the calorimeter with no joint present t o  get a basis of comparison and 

then testing the same specimen after a circumferential joint was cut in the 

insulation a t  i ts  center. Figures 22 and 2 3  show the gap schematically and 

pictorially. The gap was tested at various widths by simply displacing the 

in s ula t ion panel s longitudinally. 

Specifically, knowledge of the heat loss  through 

The concept involved testing 

As before, the power in the fine wire heaters was monitored a s  a 

measure of the heat f lux  passing through the insulation. 

sulation gap was a t  the center of the middle or "test" heater, the power 

distribution required by the tes t  heater was expected to  be greater than 

that required fo r  the two adjacent or I'longitudinal" heaters in order  that 

a flat temperature distribution was maintained. 

were observed in testing for which no gaps were present. 

heater power for the same insulation with and without a joint was compared, 

the extent of heat loss  through the gap was isolated. 

Because the in- 

Equal power distributions 

When the tes t  

3.2 THERMAL ANALYSIS OF THE JOINT TEST DESIGN 

Before testing was done using this concept, a computer analysis of 

the device was conducted to  a s su re  that the temperature depression would 
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not propagate down the insulation beyond the general region of the gap. 

Therefore, a mathematical thermal model was formulated to  represent 

the insulation gap tes t  device. 

Mark 5C Thermal Analyzer Computer Program to obtain the insulation 

surface equilibrium temperatures. 

This model was constructed for use in the 

In the formulation of the thermal model it was assumed that the surface 
temperatures would be independent of circumferential location. 

rnal model would thereby be simplified to  a two-dimensional dependency. 

40-in. long, 45-deg wedge with adiabatic end plates was chosen a s  the model 

(Fig.  24), with a nodal breakdown of 52 longitudinal increments and 10 radial 
increments. The path was constructed, and resistance values were calcu- 

lated. 

by Lockheed's View Factor Computer Program. 

The ther - 
A 

The radiation view factors of the nodes in the gap were calculated 

Nodal equilibrium temperatures were obtained and the distribution on 

The effect of the the outermost layer of the insulation i s  shown in Fig. 25. 

gap on the surface temperatures i s  appreciable within the regions 1-1/2 inches 

either side of the gap. 

gate beyond the test  section of the calorimeter. 

The conclusion is that the disturbance does not propa- 

3 . 3  EXPERIMENTAL RESULTS AND CONCLUSIONS 

Al l  gap testing was conducted at room temperatures. Figures 22 and 

2 3  show a 1/10 in. gap separation. 

a s su re  a clean, straight cut. 

l/ZO-in. gap, a zero-separation gap and a l/lO-in. foam filled gap. 

tes t  results for the zero-gap -width butt-joint revealed that no discernible 

heat loss occurred at the joint. 
observed to be equal t o  that before the cut was made. 

due t o  the clean "joint" that was made. 

gap-width butt-joint test  that the miter  jdint would result in zero  heat loss  

through the joint. 

but t -  joint. 

As seen in Fig. 23,  ca re  was used to  

Three other configurations were tested, a 

The 

The heat loss through the insulation was 
This was apparently 

It was concluded from this zero- 

This is because a mi te r  joint is essentially a stepped 
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When the joint was separated to  1/20-in. and l/lO-in., respectively, 

however, the heat loss through the gap became significant. 

were performed t o  determine the total heat loss emitted through the two 

gaps and to  ascertain an 'leffective" gap width for both. The steady-state 

power output f rom the one-foot long "test" heater and the AT across  the 

insulation €or the three cases  was as  follows: 

Calculations 

Po = 9.7 m W  ATo = 543pV 5 23.64OF 

pl/20 = 10.22 mW AT1/20 = 460pV c 20.04OF 

Pl / lo  = 13.2 m W  ATl i lo  = 530 pV z 23.10°F 

a r e  adjusted to match the AT 

pi /20  

p;/ 10 

Furthermore, since the gaps 

Since the three tests were at different values of AT, two of them must be 

adjusted to  match the third. Therefore, the I/ZO-in. and the l/lO-in. gaps 

of the zero-width separation. 

543 = 10.22 - = 12.08 46 0 

= 13.2 - 543 = 13.53 
530 

r e  0.05-in. and 0.1 -in. and the -est heater 

is  12 in. long, only 11.95 and 11.9 in. of the test  heater, respectively, a r e  

covered by insulation for the two gap tests.  A meaningful comparison of 

the two required adjusting for these differences. Therefore 

12 - 12-08 - 12 = 12.12 
11.95 

12 = 13.53 - = 13.65 . p;/20 = % / l o  11.9 11.9 
12 

The actual heat loss through the gaps is the difference between P o  and 

P;'/zo and P" r e  sp e ct ively. Therefore, 1/10, 
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P = 12.12 - 9.7 = 2.42 m V  
gap1/20 

P = 13.68 - 9.7 = 3.95 m V  
gap1/10 

The effective thermal conductivity of the gap i s  now calculated for both cases 

r 

r 
0 q I n  - 
i 

2 n L ( T i  - To) k =  

- 2.42(.511)(.003414)(12) = 6.82 10-3 

2n  (23.64) k1/20 - 

The ratio of the effective thermal conductivity of the gap to  that of the insula- 

tion i s  now calculated. 

= 77.4 k l / ~ ~  - 6.82 - 
kin s 0.114 x 

kl/lo - 5 . 5 6 5 ~  

0.114 x 
- = 48.8 

This ratio a lso represents the ratio of the insulation width required to  emit 

the same amount of heat a s  that passing through the gap to  the gap width 

itself. 

represents the length of tube covered with insulation which would pass the 

same amount of heat a s  the open gap. 

An "effective" gap width is therefore calculated for each gap which 

21 



LMSC/HREC ~ 1 4 8 6 1 1  -I 

kl 20 

effl/20 kin s 
6 = 6 = 0.05(77.4) = 3.87 in. 

6 = 6 = 0.1(48.8) = 4.8 in. 
effl/lO kin s 

A plot of deff vs 6 is shown in Fig. 26. 

The foam filled l/lO-in. gap tes t  resulted in 

p l / l ~  foam = 11.3mW A T 1 / l ~  foam = 525 flV = 22.78OF 

As before, the power is adjusted to  match the AT of the zero-gap test. 

= 11.3 - 543 = 11.7 
p ; / l O  foam 525 

and adjusted again for the length of the tes t  heater covered by the insulation 

12 = 11.7 - = 11.8 p ; l / l O  foam 11.9 

Therefore, the actual heat loss through the gap is the difference between Po 
and foam, o r  

P = 11.8 - 9.7 = 2.1 m V  
gaP1/10 foam 

The effective thermal conductivity of the gap is 

- 2.1 (. 51 1)(.003414) (12) 
k l / l ~  foam - (2n)(1/10)(23.64) = 2.96 

The ratio of the effective therrnal conductivity of the gap to  that of the insu- 

lation is now calculated 
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= 20.6 k l / l ~  foam - - 2.96 
ins 0.144 x k 

Again, this ratio a l so  represents the ratio of the insulation width required 

to  emit the same amount 

width itself. As before, 

6 
e f f l / l ~  foam 

of heat as  that passing through the gap to  the gap 

then, the effective gap width is 

= 6  kl/ lo  foam = 0.1 (20.6) = 2.06 in. 
kin s 

This value i s  shown on Fig. 26 as a square a t  the 6 = 1/10 coordinate. 

shows pictorially the comparison between the foam filled l/lO-in. gap and 

the void l/lO-in. gap. The improvement gained by adding the foam to the 

1110-in. gap i s  a 5770 reduction in heat leakage. 

This 

The above data were used to  plot a curve (Fig. 27) of effective panel 
thermal conductivity versus  the A/I ratio of an insulation panel. 

A/B ratio, A is the total insulation a rea  for some insulated system and P 
is the total length of a l l  gaps. 

ductivity, the total heat leak through the gap and through the insulation i s  

used instead of that through the insulation only a s  is normally done. The 

curve shown i s  valid only for a specimen of 1/4-mil double-aluminized 

Mylar and red polyurethane foam 1 in. thick a t  room temperature. The 

heat leakage for a panel can be reduced by reducing the gap width o r  by 

increasing the A/P ratio. 

In the 

In determining the effective thermal con- 

3.4 ERROR ANALYSIS 

Since the insulation thickness was the same for a l l  four of the above 

cases ,  the normal e r r o r  associated with measuring insulation thickness is 

eliminated. There was, however, a probable e r r o r  of considerable mag- 

nitude in measuring gap width in each case. 

was - + 10%. 

6eff also has  a probable e r r o r  of t - 10% for each case. 

presented in Fig.  26 but not Fig. 27. 

The best  estimate of this e r r o r  

This e r r o r  propagates through the equations linearly so  that 
These e r r o r s  a r e  
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Section 4 

TASK I11 INSULATION PENETRATION EFFECTS 

4.1 APPARATUS DESIGN 

The need for comparison data for  various methods of HPI joint con- 

struction at  the base of a penetration tube led to the development of a sim- 

plified penetration test  apparatus. The penetration calorimeter as seen in  

Fig.  28 is a 24-in. diameter, 1/16-in. thick, copper plate cooled on the back- 

side by copper tubes carrying LN 

tube measuring 1-in. 0.d. and 42-in. long and penetrates a t  the front face 

of the copper plate. 

the entire plate and all but the f ree  end of the penetration tube as  shown in 

the figure. 

a t  the base of the penetration by a differential thermocouple. 

along the penetration a r e  monitored by thermocouples referenced to an LN2 

bath. 

The penetration is a stainless steel 2' 

Insulation is tested on the calorimeter by covering 

Heat passing into the plate through the penetration is measured 

Temperatures 

Insulation can be applied a t  any thickness on the apparatus and with 

any type of joint configuration a t  the base of the penetration. 

4.2 SPECIMEN PREPARATION 

In a l l  three of the tests conducted, the same insulation material  and 
The three joint configurations the same insulation thickness were used. 

used were the diagonal joint, the butt joint and the buffer joint. 

three a r e  shown in that order  in Figs. 29, 30 and 31. 

These 

The insulation material  was alternate layers  of 1/4-mil double- 

aluminized Mylar and red polyurethane foam, and it was wrapped to  a 

thickness of 1 in. 

21 layers of foam. 

It was composed of 22 layers  of aluminized Mylar and 

Figure 32 shows the penetration test apparatus after 
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a layer of red foam was applied. 
after it was wrapped, in this case,  in the diagonal-joint configuration. 

Figures 33, 34 and 35 show the apparatus 

In the case of the diagonal joint (Fig. 29), each successive layer on the 

tube was overlapped and taped t o  its corresponding layer on the plate. 

the butt joint and the buffer joint, the layers of insulation were applied to  

touch but no tape was used. The buffer material  was a block of foam of the 

same material  a s  the foam spacers. A s  can be observed in Fig. 31, it was 

doughnut shaped with inside radius of 1/2 in., outside radius of 2-1/2 in. 

and thickness of 1 in. Figure 36 shows the buffer joint construction just 

before testing was done. 

For 

4.3 EXPERIMENTAL RESULTS AND ERROR ANALYSIS 

After the diagonal joint configuration was tested, a comparison was 

made between the temperature distribution along the penetration as observed 

from the tes t  and the same a s  predicted by computer analysis of the test  

apparatus. 

just how reasonable were the data being generated by the apparatus. 

comparison in the figure was considered to be reasonable. 

Figure 37 shows this comparison. The intent was to determine 

The 

The heat ra te  into the copper plate f rom the penetration at the base of 

the penetration was measured indirectly by measuring the temperature drop 
across  a known distance at the base of the penetration with the differential 

thermocouple. 

steel a t  that temperature and the c ross  section a r e a  of the tube, the heat 

ra te  was determined to  be 1.23 Btu/hr for the diagonal joint case. This 

compares with 1.10 Btu/hr predicted by the computer analysis. 
is 10.40/0, a close comparison. 

With this and the known thermal conductivity of the stainless 

The difference 

The heat leak through the base of the penetration for the butt-joint was 

0.817 Btu/hr; for the buffer joint i t  was 1.68 Btu/hr. 

joint case,  the heat rates were determinedfrom the temperature slope a t  

As for the diagonal- 
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the base of the penetration. 

shown in Fig.  38. 

allow the smallest heat leakage to the plate. 

the smallest leakage. 

The temperature slopes and the heat rates a r e  

It had been expected that the diagonal-joint case would 

Instead, the butt-joint case had 

No explanation for  this was found. 

A possibility exists that the small  0.15-in. differential thermocouple 
This possibility was had been disturbed or shifted pr ior  to the third test. 

checked after the test ,  and no problem was noted except that one junction of 

the differential couple was not in f i rm contact with the stainless steel  tube. 

However, there was no assurance that the junction was in f i rm contact during 

the previous tests either. Furthermore,  there would be no immediate logical 

explanation of how the failure to have contact would affect the reading from 

the thermocouple. 

the constantan, would be a possible explanation of the apparent temperature- 

difference suppression in  the couple. 

dent on this not having occurred in  the previous tests. 

Conduction in the thermocouple intermediate metal itself, 

Again, this explanation would be depen- 

An e r r o r  analysis was conducted to determine the e r r o r  in  the heat 

flow at the base of the penetration (q  on Fig.  37). 

of e r r o r s  in measuring the a rea  of the tube, the length of the 1/8-in. differen- 

tial thermocouple, the thermal conductivtty of the steel  and the emf of the 

thermocouple. 

since the e r r o r  in AT is only an insignificant par t  of the 870. 

The 870 e r r o r  was a result 

All three of the q values have approximately the same e r r o r s  

Based on the above, it is suggested that further testing be conducted 

before any conclusions be reached about the relative rankings of the three 

test  configurations. 

the standpoint of general quantitative value. 

general values of heat leakage through a stainless steel  penetration. 

The data already generated a r e ,  however, valuable from 

The q values presented indicate 
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Section 5 

TASK IV: HIGH PERFORMANCE INSULATION DATA COMPARISON 

5.1 PROBLEMS INVOLVED IN HIGH PERFORMANCE INSULATION DATA 
COMPARISON 

In recent years  the number of investigators studying the thermal con- 

ductivity of HPI has increased substantially. 

of experimental apparatus used for testing have increased. 

physical characterist ics of the calorimeter but a lso the test  procedures used 

strongly affect the resulting data because for multilayer insulation (MLI) 

materials an "effective" thermal conductivity is being measured rather than 

a true thermal conductivity. 

not practical, because each calorimeter is designed to  do a certain task 

optimally, and the tes t  procedure must comply with this custom design. 

Similarly the types and varieties 

Not only the 

Standardization of equipment and procedures is 

As these increased quantities of data are generated by different inves- 

tigators and on different apparatus, a need is created for a standard of com- 

parison. 

discrepancies in the tes t  data. 

procedures could reveal the sources of discrepancies. One good example 

of a source of data discrepancy is in the definition of the number of layers 

per  inch of multilayered insulation material. Some investigators measure 

the distance between the two extreme layers and divide that distance into the 

total number of layers,  including the two extreme layers. 

include the two extreme layers in the total number, considering those to  be 

boundaries instead of layers. 

e r r o r  in layer density is observed between the data fo r  the two investigators. 

A more correct method would be to  count only one of the extreme layers,  which 

would be the same as counting the spacers. 

definition, however. Since thermal conductivity is a strong function of 

layer density for all MLI systems, it is important that the respective 

Direct comparison of thermal conductivity may reveal apparent 

Close examination of the tes t  equipment and 

Others do not 

For a 10-layer specimen, a 20% apparent 

It is really just a matter of 
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definitions of layer density used by different investigators a r e  properly 

understood. 

between inve s t i gator s. 

Oiily by so doing can layer densities be correctly compared 

Another factor which should be considered in comparing data i s  the 

surface conditions. For  example, a flat plate calorimeter (FPC)  i s  con- 
structed so that the insulation tes t  specimen is bounded by two flat plates - 
a hot plate on the bottom and a cold plate on the top. The bottom layer of 

the MLI i s  in uniform contact with the bottom (hot) plate due to gravity. 

top layer, however, i s  not necessarily in contact with the top plate. Con- 

ceivably, the top plate could be suspended above the insulation so  that no 

contact exists. 

making uniform contact, o r  it could be allowed to  compress the insulation 

somewhat to have uniform contact. Certainly, consideration must be given 

to which of the cases exist since a space (or partial  space) between the top 

layer and plate causes one additional "radiation resistance" between the two 

plates. For  an insulation system consisting of 10 radiation shields, the one 

additional resistance represents 10% of the total number and can therefore 

cause 10% comparative discrepancy. Technically speaking, i f  a space does 

exist, then the cold plate temperature should not be considered a s  the boundary 

temperature;  instead, the temperature of the top layer of insulation should be. 

Other types of calorimeters,  such a s  the Lockheed/Huntsville cylindrical 

calorimeter, do not have "plates" as such. Instead, the cold surface of the 

insulation ( o r  perhaps both surfaces) is maintained at its desired tempera- 

tu re  by radiative interchange with an environmental control shroad. 

case, the outermost layer of insulation i s  considered to  be the boundary 

t e mp e r a tu r e. 

The 

It could be lowered to barely touch the top layer without 

In this 

Another parameter which should not be ignored is the insulation back- 

side pressure.  

insulation evacuation does not exist, the insulation internal or backside 

pressure  is important. 

to  insulation systems having different internal pressures  while being exposed 

t o  the same tes t  chamber pressure.  Factors such a s  duration of pump-down, 

Since convective heat t ransfer  can occur where sufficient 

Data discrepancies could conceivably be traceable 
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exposure to  heat, presence of condensation inside the insulation, cleanliness 

of insulation, pr ior  conditioning of the insulation and others contribute to  the 

internal pressure.  

Data discrepancies can also be due to actual quantitative measurement 

A particular example is the measurement of insulation thickness. e r ro r s .  

Most MLI systems a r e  highly susceptible to  sagging. 

uniform insulation thickness. 

mining heat losses through "edge" effects. 

MLI makes this a most cri t ical  problem. 

fo r  assuring that edge effects have been properly accounted for should be 

examined. 

This results in a non- 

Another pr imary potential e r r o r  is in deter - 
The highly anisotropic nature of 

Methods used by each investigator 

5.2 DATA COMPARISON OF DOUBLE-ALUMINIZED MYLAR AND RED 
FOAM 

With the above concepts in mind, a data comparison was conducted for 

data presented by six independent investigators for the 1/4-mil double- 

aluminized Mylar and red polyurethane foam composite. 

was made both a s  an exercise in data comparison to  check out the arguments 

presented above and a l so  because there  was need for a meaningful compari- 

son on Goodyear HPI  data due to its anticipated use on various vehicle com- 

ponents in the near future. 

References 1 through 7 a r e  indicated on the figure. In reading the table it 

is  important to  note that an entry applies to  all data lying below it until the 

next entry i s  made. Dittos and arrows were not used. 

two of the investigators (Lockheed and Dynatech) took data a s  a function of 

mean temperature with the layer density a t  o r  near its optimum value, while 

the other four investigators took their  data as a function of layer density 

with the boundary temperatures fixed at ambient and cryogenic temperatures. 

Figure 39 presents the data for all six investigators as a function of mean 

temperature. The Lockheed and Dymatech data a r e  reasonable values of 

"effective'' thermal conductivity due to  their small  AT values. Caution 

should be used in interpreting the other data on Fig. 39 due to  the large AT 

The comparison 

Table 8 presents data taken by the six investigators. 

The table shows that 
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values involved (two of the Lockheed points are a l so  at large AT values). 

Since the k vs T of HPI is not linear, the effective value of k for a data 

point with a large AT does not correspond exactly to  the local k value for 

the insulation at the mean temperature of the large AT point. The effective 

values will be slightly above the t rue  k value because the k vs T curve is 

concave upwards. To determine the exact extent of the discrepancy, the k 

vs  T curve would have to  be integrated between the boundary temperatures. 

The layer densities and foam thicknesses a r e  indicated in the legend of 

Fig. 39. The solid line on Fig. 39 is Eq. (1.18) of Lockheed Report K-17-68-5, 
which was solved for a layer density value of 21 layers  per  inch (and a con- 

verged set  of boundary temperatures). 

the total data plotted. 

gassed or baked (at Z O O O F )  specimen of insulation. 

The two dotted lines a r e  a band on 

The solid points a r e  data that were taken on an out- 

Figure 40 shows the k vs layer density data for the four investigators 

that took their  data in t e rms  of layer density. It should be noted that three 

of the investigators used LNZ a s  the cold boundary; the fourth investigator 

used LH2. 

with the foam thickness. 

The boundary temperatures a r e  indicated on the figure along 

Proper  use of Figs. 39 and 40 requires careful study of Table 8. For 

example, items such as chamber p re s su re  and helium purge are not indicated 

on the figures. 

As emphasized previously, the method of determining layer density is 

an important consideration, and it was for this reason that this information 

was presented in the table. In each figure the layer density values were 

adjusted so that each one would be based on the same definition. 

where the X coordinate was layer density, the correction brought the data 

in line much better. 

In Fig. 40 

The previous discussion concerning the surface condition is significant 

in  two of the sets of data, On Fig. 40 the three points for  the NASA/MSFC 
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and the Lockheed/Sunnyvale data with the lowest layer density were taken 

with the top plate of the flat plate calorimeter suspended above the insulation 

specimen. The significance of 

this, as discussed previously, is that there is an  additional radiation resist-  

ance between the top plate and the top of the insulation specimen. 

subtle discrepancy inherent in presenting this data a s  shown in Fig. 40 (this 

is how it is always presented) for  these 6 points is that the true layer density 

is really identically equal to the uncompressed value due to the large space 

above the insulation. The concept of counting layers  and dividing by "plate 

separation" is somewhat misleading when that separation is greater than the 

unc omp re  s sed thickness . 

Data in  the table reveal that this is the case. 

A more 

The insulation backside pressure is most significant in the case of in- 

sulation systems that do not have edges open to the vacuum. 

case on the Lockheed/Huntsville cylindrical calorimeter and for that reason 

the backside pressure was measured and presented. 

higher than the chamber pressure indicates the average effective gas pres-  

sure  between the layers is not identified by the chamber pressure alone. The 

strong pressure  dependence of the insulation thermal conductivity is well 

known. 

ness should be considered in  evaluating data taken on unperforated insulation 

with unexposed edges. 

This was the 

A backside pressure 

The phenomenon of a varying pressure through the insulation thick- 

The aspect of quantitative measurement e r r o r s  of insulation dimensions, 

AT, q ,  etc., is a difficult one to deal with as i t  relates to this data comparison 

because an e r r o r  analysis was not conducted for each of the six cases .  

tion, no data were presented f rom which an  e r r o r  analysis could be conducted. 

Ignoring the previously outlined discrepancies between testing concepts , the 

normal probable e r r o r s  on thermal conductivity data a r e  on the order  of 10 to 

25%. On that basis, the data presented in  F i g .  39 show reasonably good com- 

parison. It should be kept in  mind that the darkened data points a r e  those 

made on outgassed, or  baked, specimen. 

In addi -  
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Conclusions that were reached are: 

a Care  should be used when comparing data taken by various 
investigators . 

0 The foam data generated by several  different sources compared 
reasonably well considering the factors discussed above. 

5.3 COMPARISON OF VARIOUS HIGH PERFORMANCE INSULATION 
MATERIALS ON A BASIS OF MECHANICAL LOAD 

In order  to make a valid thermal comparison between different high 

performance insulation materials,  it is essential to use reasonable cr i ter ia  

of comparison. 

for comparing materials is to compare the thermal conductivities of the 

materials a t  their respective optimum values of layer density and for  the 

same boundary temperatures. The optimum value of layer density is the 

value to which the minimum thermal conductivity corresponds. Comparing 

a t  the same boundary temperatures is essential, since the conditions of the 

proposed application must be used. However, comparing values of thermal 

conductivity may not represent reasonable cr i ter ia  of comparison. 
comparison a t  optimum values of layer density may not be reasonable. 

F o r  example, a common yet perhaps unreasonable method 

Also, 

In designing missile components there are two pr imary constraints 

on the components. 

either the HPI space o r  weight must be minimized. 

common practice. 

conductivity, k, the density-thermal conductivity product, pk, should be mini- 

mized. 

obtained. 

Either the HPI is space limited o r  weight limited, and 

Weight limitation is the 

If this is the case, instead of minimizing the thermal 

In this way, the least  heat flow pe r  unit weight of insulation can be 
\ 

The practice of comparing insulations at optimum values of layer den- 

sity is predicated on all insulation materials having the same ease of appli- 

cation and the same reliability at their respective optimum values of layer 
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density. This assumption is usually not valid. Fo r  example, double- 

aluminized Mylar and 0.030 in.  red foam has a high degree of structural  

integrity and proven fabrication techniques a t  i t s  optimum layer density of 

approximately 22 layers  per inch. 

crinkled Mylar and Tissueglas composite is highly compressible and r e -  

quires parallel tension constraint for fabrication a t  i ts  optimum layer density 

of approximately 80 layers  per inch. In fact, just sitting in a 1-g field, i t  

will compress considerably over 80 layers  per inch under i ts  own weight. 

A more  reasonable standard of comparison is to compare the materials a t  

the same value of compression. 
insulation is held on by lacing o r  circumferential wrapping, there is a hoop 

tension. This tension i s  equivalent to a normal mechanical load o r  a com- 

pression. Unless each insulation layer is individually mechanically sup- 

ported a t  i ts  edges, there will m o r e  than likely be some compression 

associated with holding the layers  in  place. 

this point is that the same application concept be used for all materials to 

be compared. 

On the other hand, the double-aluminized 

In an application concept for which the 

A reasonable assumption a t  

The conclusion from the above is that a plot of pk versus p, o r  mechan- 

ical  compression, is needed when meaningful comparison of HPI materials 

is made. 

were generated. 

were presented in the form of curves of pressure  vs  layer density, and den- 

si ty vs  layer density on pages 1-68 through 1-70 of Ref. 4, and equations of 

thermal conductivity versus  layer density on pages 1-68 through 1-70 of Ref. 

4 and equations of thermal conductivity versus  layer  density on pages 1-49 to 

1-50 of Ref. 4. 

and 1- 50 a r e  semi-empirical correlations arr ived at  by using observed data 

taken with ambient and cryogenic boundary temperatures. 

however, that these equations can be extended to the boundary temperature 

condition used in Figs. 41 and 42. The table presents the information used 

from Ref. 4, as well as that used in  Figs. 41 and 42. 

Using data already available in  Ref. 4, Table 9 and Figs. 41 and 42 

The curves were developed by c ross  plotting data which 

It should be noted that the equations referred to on pages 1-49 

It is assumed, 

The two sets  of boundary 
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conditions were chosen as representative cases. 

was representative of the large temperature difference case and of a typical 

Multiple Docking Adapter operational condition. 

Tcold 

The 400°R and 40°R case 

The 460°R case (That = 

) was chosen to represent a small AT situation. 

F o r  the purpose of comparison, curves of k versus mechanical com- 

pression are presented in Figs. 43 and 44 for  the same materials and boundary 

temperatures as in Table 9 and Figs.41 and 42. 
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Figure 3 - Insulation Application Concept 
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F i g .  5 - 1/4-mi l  Double Aluminized Myla r  and Red Po lyure thane  
F o a m  Spec imen  

F i g .  6 - E m b o s s e d  Singly Aluminized M y l a r  and Nylon Net 
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F i g .  7 - Vacuum Chamber System (View 1) 

F i g .  8 - Vacuum Chamber System (View 2)  
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Fig.  9 - Electronic Automation Control Panel 
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Figure 10 - Plot of Thermal Conductivity vs Temperature f o r  Unperforated 
1/4-mil Double-Aluminized Mylar and Red Polyurethane Foam 
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Figure 13 - Plot of Thermal Conductivity vs Temperature for  Perforated 
and Unperforated 1/4-mil Double-Aluminized Mylar and Red 
Polyurethane Foam Specimen 
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Figure 14 - Plot of Thermal Conductivity vs Chamber P res su re  
at Room Temperature for Perforated 1/4-mil Double- 
Aluminized Mylar and 0.030 -Inch Red Foam Specimen 

58 



. LMSC/HREC 
- .  

v1 

N 
0 m 
N rl 

m 
0 

9 
4 

D148611-I 

I 
Q, 
4 
P 

cl 



- 100 

LMSC/HREC ~148611 -I 

0 100 

Temperature (OF) 

Figure 16 - Plot of Thermal Conductivity versus Temperature 
fo r  Embossed Aluminized Mylar at 162 Layers/Inch 
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Figure 17 - Plot of Thermal Conductivity versus Chamber P res su re  at Room 
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Figure 19 - Plot of Thermal Conductivity vs Chamber P res su re  at Room 
Temperature for  Alternate Layers of 1/4-mil Embossed 
Aluminized Mylar and Dimplar at 19.15 Layers/Inch 
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Figure 26 - Plot of Effective Gap Width versus  Gap Width for Specimen of 
1/4-mil Double -Aluminized Mylar and Red Polyurethane Foam 
1-In. Thick at Room Temperature 
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F i g ,  32 - Penetration Test  Apparatus During Wrapping P rocess  
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Figure 33  - Diagonal-Joint Insulation Specimen on Penetration 
Test Apparatus 

Figure 34 - Open End of Penetration Test  Apparatus 
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Fig. 35 - Backside of Penetration Test Apparatus 
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Figure 36 - Buffer-Joint Insulation Specimen on 
Penetration T e s t Appar a’m s 
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Figure 38 - Aia l  Temperature Distribution Along Base of Penetration 
f o r  Diagonal, Buffer and Butt Insulation Specimen 
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Figure 41 - Plot of Density x Thermal gonductivity vs Mechanical Load for 
Various HPI Materials at 0 F 
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Figure 42 - Plot  of Density x Thermal Conductivity vs Mechanical Load for 
Various HPI Materials at 400°R and 40°R Boundary Temperatures 
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Figure 4 3  - Plot of Thermal Conductivity v s  Mechanical Load for Various HPI 
Materials at O ° F  
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Appendix A 

ERROR ANALYSIS 

The equation required to  determine the thermal conductivity is 

-(?) 
k(T) = 27rL(Ti - To) 

where 

T o t  Ti 
2 T =  

q = P = I V  

In order to  determine the e r ro r  in k(T), the e r r o r s  in q, ro, ri, L and 

The Kline-McClintock probable Ti - To must be determined and combined. 

e r r o r  analysis procedure shown in Appendix B is used to  obtain the combined 

effect of the e r r o r s  on k. The best  estimate for the probable e r r o r  for each 

parameter  is determined below: 

r = -  f t  
i 12 

0.02 & dr i  = - 12 

O m l  f t  - dro  - - 12 ft ( 2.0 for embossed aluminized Mylar) 2.5 r - -  
0 - 12 12 

= 0.0703 

A- 1 
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0 .  

1870 for embossed 
aluminized Mylar 

L =  l f t  0.05 ft dL = - 12 

= 0.41770 (negligible) 

0 (Ti - To) -,40 R d(Ti - To) = 0.05OR 

(Ti - To) - - - 0.05 = .00125 = 0.12570 (negligible) 
(Ti - To) 40 

d(1V) = 0.0014 IV 

- 
d I V  - = 0.0014 = .1470 (negligible) I V  

The longitudinal heat loss,  qm, is calculated using conduction in the glass 

fiber. 

parison to  that in the glass fiber. 

between the tes t  and a longitudinal heater is 1/2OoF. 

Conduction down the insulation and the copper wire is small in com- 

The largest  temperature difference 

A-2 
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where 

k = 0.182 Btu/hr-ft-OF 

A,=  2 n r i t  

- 2n 105(1/16) ft2 
144 

- 

= 0.000372 Btu/hr for one end qm 
1/2 .*. qm = [2 (0.000372)2] = 0.000525 Btu/hr for both ends 

The heat stored term qs is calculated f rom the thermal mass of the 
During operation the largest  temperature test section of the calorimeter. 

change with time of the calorimeter was 0.02OF/hr 

where 

ml = 0.464 lbm 

C = 0.27 Btu/lbm-OF 
P1 

m2 = 0.16 lbm 

C = 0.1 Btu/lbm-OF 
p2 

- -  AT - 0.02 OF/hr 
A0 

9 s  = [(0.464)(0.27) 4- (0.16)(0. l)] 0.02 

= 0.00282 Btu/hr 

A-3 



LMSC/HREC D148611 -I 

Now the combined probable e r r o r  of qa and qs are calculated 

2 1/2 
dq = (0,0005252 -k 0.00282 ) 

= 0.00288 Btu/hr 

Since q var ies  from data point to  data point, 

dq - is variable 
9 

- -  dq - 0,00288 
q q 

b .  

For each data point q is known and dq/q can be calculated. 

Now all the e r r o r s  a r e  combined to  obtain the e r r o r  in thermal con- 

The Kline McClintock rms method of combining e r r o r s  is used. ductivity. 

Al l  the above e r r o r s  except d h  (ro/ri) /h (ro/ri) and dq/q are insignifi- 

cant in an r m s  summation. Therefore, * = I  k 

2 131 + I 
This calculation is done for each data point, and the resulting probable e r r o r  

i s  presented in the tables and figures. 

A-4 
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Appendix 3 
KLINE-McCLINTOCK PROBABLE ERROR ANALYSIS PROCEDURE 

If variables A and B have e r ro r s ,  a and b, respectively, then the 

propagation of these e r r o r s  will be as follows: 

For addition and subtraction of A and B, the resultant e r r o r  P 
will be 

2 2 1/2 
P = - +(a + b )  

For multiplication of A and 

P = - t [(* 
For division of B by A, the 

B, the resultant e r r o r  P will be 

1/2 
b)’ t (B a)’] 

resultant e r r o r  P will be 

P = +  - [ (2):; b 2 ]  ’/’ 

B -1 


